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Introduction
The taxation of externalities in road networks has received considerable attention in the literature of transport economics during the last decades. To a large extent, this is due to a series of second-best issues that arise from the use of pricing schemes that leave certain links, routes, or areas of the network untaxed. It has been shown in a variety of stylized settings that this partial taxation pushes the existing externality taxes below or above their Pigouvian levels (i.e. from marginal external costs).
1 Some earlier contributions in the first-best and second-best literature have derived rules for optimal road pricing in a generic static network. For instance, Verhoef (2002a; 2002b) offers a general analytical solution for the second-best problem where not all links of a congested network can be charged; an algorithm based on this analytical solution is then tested on a medium size network. Also, van Dender (2004) shows that constraints in network pricing can cause the optimal toll to deviate in a complex way from the marginal external cost of congestion.
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The above partial taxation is unintentional, in the sense that it is always suboptimal to a Pigouvian tax rule, but the regulator cannot impose the latter because of some exogenous hampering factor (e.g. political acceptability, implementation costs etc.). Because no other distortionary tax or subsidy is considered elsewhere in the economy (even in the transport system), as soon as the hampering factor is removed, optimal taxes return to their Pigouvian levels.
The recent advances in the double dividend theory have highlighted a second reason for which second-best settings may emerge. 3 This regards the existence of at least one distortionary tax (or subsidy) somewhere in the economy, even inside the transport system (e.g. public transport subsidies). Like the case of partial taxation, the presence of the distortionary tax causes deviations of the optimal tolls from their Pigouvian levels. In fact, as in the partial taxation case (see for instance Verhoef et al., 1996) optimal externality taxes may turn out to be negative even when the entire network can be taxed. But the critical differentiator between the two streams is that the deviation of the externality tax from its Pigouvian level in the latter case may be welfare increasing, something that is not possible in the case of partial taxation. This is because the Pigouvian equilibrium in the presence of a distortionary tax is suboptimal (or quasi first-best) to begin with. Parry and Bento (2001) have highlighted the case of an optimal negative road tax for a single-link network with exogenous residential and working locations; this is to be juxtaposed against the quasi first-best Pigouvian toll which is welfare decreasing. However, the use of a single-link network by Parry and Bento (2001) did not allow for a real merge of the two streams of literature. This merge has been recently explored by Tikoudis et al. (2015a) , who show that in a serial monocentric network, the introduction of partial taxation in the form of a cordon toll can be welfare improving with a preexisting labor tax and the rest of determining factors set in accordance with the hypotheses made in Parry and Bento (2001) . 4 On the other hand, the quasi first-best
Pigouvian toll is shown to generate significant welfare losses. The key mechanisms that generate the above result are i) that the (positively priced) cordon toll imposed in a certain distance from CBD is affecting only the subgroup of the population that provides labor relatively inelastically, and ii) that the elasticity of labor supply falls with distance from the CBD. This paper investigates further the welfare effects of partial taxation incorporated in a double dividend setting for a polycentric, mixed network setting. In a such setting, the (general equilibrium) elasticity of labor supply is determined in a fairly complex way: it does not only depend on household location, but also on the location of the job, the chosen route and the transport mode. We are interested in testing the earlier finding by Tikoudis et al. (2015a) in its strong form, i.e. with lump-sum revenue recycling, and in its weak form, i.e. with road tax revenue used to finance labor tax cuts.
The paper has a clear geographical reference. The area of Randstad is a polycentric urban conglomeration in western Netherlands, which comprises the country's four largest cities (Amsterdam, Rotterdam, the Hague and Utrecht). The region is of considerable economic significance; while it covers only 20 percent of the country's land area, at least 40 percent of the population resides there, and half of the national income is generated within its boundaries. Despite being a prosperous region, it has, for a series of years, experienced a lower productivity growth compared to other regions in the Netherlands and Europe. 5 It is characterized by large commuting flows between zones and severe congestion during the peak hours. The territorial review by OECD (2007) places heavy congestion and the incoherency of public transport system as the most important drivers of this sluggish growth. Regarding congestion, roughly 80 percent of the traffic jams in the Netherlands in 2005 occurred in Randstad. The problem is deteriorated because the regional public transport is relatively fragmented, i.e. the coherence between the multiple operators and facilities is limited, resulting in a suboptimal use of the public transport system. Other identified factors include distortions originating from the labor and, especially, the housing market, where a series of land-use practices (e.g. density regulations) add burden to the social cost of public transport provision. Given this complex reality, the natural question arising is whether there are road pricing policies which can simultaneously address congestion and mitigate distortions elsewhere in the economy.
To study this in a coherent framework, this paper presents a stylized general equilibrium network model that is strongly related to previous work of Anas and Kim (1996) and Anas and Liu (2007) and more loosely to relevant CGE models (see for instance Böhringer and Rutherford, 2007) .
6 Anas and Liu (2007) introduced a polycentric model for the wider metropolitan area of Chicago, and a recent application of the model in order to evaluate the potential welfare effects of a cordon toll in the area (Anas and Hiramatsu, 2013) . 7 The interaction of transport with the markets of housing and labor is captured in a detailed way, since residence and job locations are endogenous. However, the distortions generated in the respective markets are not considered. Subsequently, the marginal social benefit of road use may be understated or overstated, depending on the relative conditions in these markets (taxes, subsidies, regulations). Our model accounts explicitly for a double dividend setting, with a realistic tax rate on labor income. The calibration is designed to fit a series of stylized facts characterizing the behavior of the average household (expenditures shares, allocation of time, etc.) and the characteristics of Randstad region: the general spatial lay-out and network, the population and employment share of the population in each zone, the average commuting speed of modes, modal split, and the relative land rents, housing prices, wages and floor-to-area ratios.
We use the model to explore various pricing schemes (systems of uniform and differentiated cordon tolls around the major cities, as well as Pigouvian taxes in the entire network) accompanied by two distinct revenue recycling programs: i) lump-sum transfers and ii) labor tax cuts. In line with more stylized models, a Pigouvian road tax is shown to generate considerable welfare losses. These are less severe in the case of a system of cordon toll around the largest employment zones of the conglomeration. Surprisingly, Pigouvian tolls are also welfare decreasing even when the road tax revenue is used to finance labor tax cuts. By computing the optimal road tax by road link in this case, we find that the latter may not only lie far below its Pigouvian level, but it may also be negative in a large part of the network. We establish a clear connection of the above result with the double-dividend theory by approximating the 5 annually 1.7 % over the period 1995-2005. 6 The model is able to capture the various distortions occurring simultaneously in the markets for transport, housing and labor in Randstad. In the years to come, the model will be further developed and used as a tool for the evaluation of drastic reforms in pricing (road pricing, parking), programs that grant fiscal autonomy to certain network operators (causing tax exporting behavior), and for the appraisal of investments in drastic commuting technologies (e.g. the automated highway). 7 See also Rhee et al. (2014) .
Pigouvian, tax-interaction and revenue recycling effect for each link. A system of multiple cordon tolls leaves most of these links untaxed and is found to produce significant welfare gains, provided that is accompanied by a small downward adjustment in the uniform labor tax rate.
The paper has the following structure: section 2 presents the behavior of the various agents and the mechanics of the general, stochastic user equilibrium. Section 3 discusses the solution algorithm employed to solve for it. Section 4 presents the data and the overview of the algorithm used in the calibration of the model. Section 5 provides the policy analysis and sensitivity checks. Section 6 concludes.
Model
The model proposed in this section is a network-based, polycentric extension of the general equilibrium monocentric city models by Verhoef (2005) , Tikoudis et al. (2015a; 2015b) , and is in line with the preexisting contributions in the field (Anas and Kim, 1996; Anas and Xu, 1999; Anas and Liu, 2007; Anas and Hiramatsu, 2012) . 
Space, network representation and discrete choice
Economic activity takes place in an ordered set of zones (each represented by a single node), .
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Let the ordered subsets and denote the locations that host residences and jobs respectively, with = ⋃ . Throughout the text, the subscript i is used to denote an arbitrary zone in the ordered set that serves as a residential node, i.e. ∈ . Similarly, the subscript j is used to denote an arbitrary zone in the ordered set that serves as an employment node, i.e. ∈ . Every zone is characterized by mixed land-use, in this case ⋂ = . Let the set = × denote the Cartesian product of sets and , i.e. the set that contains all possible pairs of residential and employment locations. Each element a ∈ is an origin-destination pair (hereafter, OD pair). 
For each OD pair a in there is a set of corresponding possible routes, which we denote by (a ). It is straightforward that, if origin zone, , and destination zone, , are neighboring, then it holds that any ( ) ∈ (a ). An alternative, a, is a set that contains the OD pair a and a route ∈ (a ), i.e. a = �a , � = { , , }. The choice set, denoted by , contains all possible alternatives. 8 The exposition in Section 2 draws, to some extent from the earlier contributions by Tikoudis et al. (2015a; 2015b) . Literal citations from these sources are not marked as such for legibility; duplicating equations are provided in order to keep this paper self-contained. 9 Therefore, we abstract from intra-zonal links.
Households
Households can locate in any zone and supply labor in any zone . For simplicity, we normalize the exogenous population, , to one. For each feasible alternative, a = �a , �, the household maximizes the quasi-linear utility function:
where a corresponds to the general consumption of a composite good and a to the consumption of a good composed by housing consumption, a , and leisure, a (hereafter, a is referred to as the lifestyle choice). The marginal utility of income is constant and equal to 0 . Given that the parameters of the Cobb-Douglas subutility function for the lifestyle choice are such that < 1, < 1 and + = 1, the marginal utility with respect to the residential space and leisure is diminishing for < 1. The total time endowment of the household, , is spent on commuting from to , a , working, a , and leisure, a :
Labor supply is inelastic throughout a working day, which is of fixed duration, , independent of working location. The household anticipates every trip to work to require a units of time. This anticipated commuting time equals the endogenously determined expected commuting time, ̂, in the stochastic user equilibrium (see below), where the subscript refers to the route associated with alternative a = �a , �. For Wa working days the time constraint becomes:
Normalizing the duration of the working day, , to 1, the above constraint becomes:
The net wage per working day is defined as the difference between wage in zone , , the labor tax, , and the expected pecuniary cost of commuting under the choice of alternative a, i.e. a . The full income, a , of the household that has chosen alternative a = �a , � is the maximum income that can be realized when leisure time is zero. That is:
where denotes a lump-sum transfer from the government to the household and ℓ is the income from land rents, which are returned to households lump-sum. Both and ℓ are exogenous (from the viewpoint of the household) and independent of any element composing the alternative a = �a , �. We refer to this type of redistribution as horizontal revenue recycling. For simplicity, we assume that intra-zonal travel time and cost is zero, i.e. a = a = 0 if a = �a , � = { , , } is such that = . The full income can be used to buy back leisure at the shadow price of time, � (1 − ) − a � (1 + a ) ⁄ , (hereafter the value of time, denoted by a ) and for the consumption of the composite good and residential space. The budget constraint can then be written as:
where is the (uniform in the entire region) price of the composite good (hereafter normalized to one) and the price of housing per unit of space at the zone indexed by . By definition, both housing consumption and leisure are essential, thus a > 0 and a > 0. Furthermore, leisure is upper-bounded by the total time endowment, therefore a < (= if a * = 0), and consumption has to be non-negative, i.e. a ≥ 0. To maximize (1) subject to (6) and the above non-negativity constraints we set up the Lagrangian:
and solve the system of the three first order conditions equations ℒ ′ = 0, ℒ ′ = 0, ℒ ′ = 0 and the budget constraint in (6). For an interior optimum the corresponding four unknowns are a , a , a and the Lagrangian multiplier, , since the complementary slackness conditions require that = = 0.
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Solving the system yields the Marshallian demand functions for housing and leisure time respectively:
Inserting (9) into (4) yields the optimal labor supply for alternative a:
10 Corner optima with zero consumption are found by setting a = 0 and solving the same system for , a , a and . Similarly, corner optima with zero labor supply are found by setting a = 0 and solving the system for a , , a , and . The requirements for an admissible solution are that the remaining endogenous variables lie in the interior and that the respective multiplier ( in the first case and in the second) is positive. Zero consumption is an artifact of the quasi-linear preference relation in (1). However, the chosen parameters rule out the possibility of a corner solution (in which at least one of the conditions a * = 0 and a * = 0 holds) for any given alternative in the choice set. Later on we discuss the rationale behind the choice of a preference relation characterized by constant marginal utility of income.
Optimal consumption, a * , can be computed by inserting (8) and (9) into (6). Substituting a * , a * and a * into the objective function and allowing an alternative-specific constant, z a , yields the indirect utility of alternative a:
The alternative-specific constant is the sum of: i) a residential-specific constant, z , that captures the average utility of locational characteristics (e.g. amenities, ambient pollution) not modeled specifically in zone , ii) an employment-specific constant, z , that captures the average utility of non-pecuniary or time characteristics of the average job offered in zone (e.g. prospects for a better future job arrangement due to spatial concentration of jobs), iii) a mode-specific constant, z , (discussed below) and iv) a sum of link-specific constants, , capturing the average utility of non-pecuniary or time characteristics of the links (e.g. the presence of a gas station or other facility) that form the route involved in alternative a = �a , �. Therefore:
The mode-specific constant, z , captures the average (dis)utility of commuting stemming from factors that are not modelled explicitly: waiting times, changing from a private to a public mode and vice versa, in-vehicle-comfort, cruising time, etc. More specifically, it is assumed that:
where the indicator function ( , ) equals one if route makes use of mode (zero otherwise), the indicator function ( ) equals one if route involves a transit from a private to a public mode (or vice versa, otherwise zero), z is the average disutility inflicted to the individual by the use of mode (compared to those that do not have to commute, i.e. individuals which choose an a = �a , � such that = ), and z the average disutility of a mode change. Finally, a stochastic term, a , which is i.i.d. extreme value type I across alternatives in , is added to (11) in order to capture the rest of the factors that are omitted in the model and may determine the choice of a = �a , �. Total utility is, thus:
Due to the inclusion of alternative specific constants, the error term has a mean equal to zero by construction and standard deviation equal to � √6 ⁄ �, where is the scale parameter of the distribution. Because exogenous income, + ℓ , does not appear in (8) or (9) it is straightforward that the marginal (systematic) utility of income is constant and equal to 0 .
11 Because the error component a is additive to the systematic utility and follows a Generalized Extreme Value distribution, the expectation of the maximum utility (hereafter, ) that can be derived when facing the choice set is the well-known logsum expression:
where ℇ ≈ 0.5772 is the Euler constant. The resulting logit choice probability for each alternative a in the choice set is:
Firms
A competitive, representative firm is located in each zone ϵ and produces a zone-specific intermediate output, , under constant returns to scale, using capital ( ), and labor ( ):
where denotes the zone-specific total factor productivity. The zero profit condition, implies that the price of the good produced in zone , , is equal to the unit cost:
where is the local equilibrium wage, and the exogenous price of capital. The conditional factor demands for labor, capital and land can be computed using the Shephard's lemma, i.e. by differentiating (18) with respect to the corresponding price of the input and multiplying with the level of output, . Thus, labor demand is:
and capital demand is:
An assembly industry combines the distinct intermediate goods (which are bought from the local firms, each at price ) to produce the composite good demanded by the consumers (see section 2.1) and by the rest of the world. The amount of the composite good produced is given by the Cobb-Douglas production function:
where is the share of intermediate good produced in zone in the total cost of , and ∑ ϵ = 1. The associated minimum cost function is:
where the auxiliary parameter is:
The conditional factor demand for each intermediate can be derived using Shephard's lemma. This is:
Note that neither capital nor labor is used in the combining process.
Developers
A competitive, representative developer produces homogenous residential space, , using capital ( ) and land ( ). We assume a Cobb-Douglas production function:
Just like the ordinary firms, the firms in the construction sector make zero profits in equilibrium. This implies the following housing price per unit of floor space:
Again, Shephard's lemma can be used to derive the conditional factor demands for capital:
and land:
where the supply of land in each zone is exogenous and equal to � .
Transport
The volume delay function is assumed to be linear in road links. That is, the time required to move from node to node , using a private mode, i.e. the road ( ) link ( ) that connects them, is:
where ℓ and are the length and demand (see below) of link ( ) respectively, 0 is the free-flow travel time per unit of distance (i.e. the inverse of the free-flow speed) and 1 is the marginal delay caused by an additional unit of (traffic) demand in the link. Public transport ( ) links are not subject to congestion, but free flow travel time is longer:
We now turn to network loading. Total demand for road link ( ) is:
where the indicator function � ( ) | � equals one if the route of alternative a = �a , � contains link ( ) (zero if not or if a does not imply any commuting). The aggregation of (29) across all links of a feasible route yields the resulting route-specific (as opposed to the anticipated travel time a by households) travel time:
Adding up the lengths of the road links involved in route yields the total distance generated by car in this route:
Similarly, the distance covered by the public transport mode in the arbitrary route is:
12 Therefore, for two links connecting an identical pair of nodes, it is generally assumed that 0 < 0 .
The pecuniary cost of route is:
where and is the monetary cost per unit of distance when commuting by car and public transport respectively, and is the road toll imposed to the commuter that uses the road link ( ) . 13 Both prices, and , are equal to their marginal costs, denoted by ̂ and ̂ respectively. Weighting commuting expenditure in (35) across alternatives yields the total transport expenditure of households in the economy, i.e.:
where refers to the commuting route of alternative a = �a , �. The total cost of transport provision is assumed to be:
where is the fixed cost of public transport provision. From (36) and (37) it can be seen that the transport provision deficit is:
Government and public budget
The federal government functions as a benevolent planning authority who controls the tax instruments and , and the redistribution instruments and ℓ in order to maximize the expected maximum utility in (15). It must be stressed that welfare analysis based on the maximization of (15) might be invalid if the marginal utility of income is not constant, i.e. if (1) is replaced by a utility function in which income effects are switched on. In such a case, it has been shown by Anas (2012) that, despite expected maximum utility still coincides with the logsum expression, the maximization of (15) subject to the equilibrium conditions (as described in sections 2.1-2.5) cannot be achieved without alternative-specific redistribution instruments that aim to equalize the marginal utility of income across alternatives. Consequently, with horizontal revenue recycling, optimal externality-correcting taxes (in the context of this model ) deviate from their Pigouvian levels (see equation (56) below) even in the absence of any other failure in the model.
14 Furthermore, welfare analysis through the computation of compensating variations from a policy change (e.g. a tax reform) might prove a cumbersome task (see Herriges and Kling, 1999; Dagsvik and Karlström, 2005 for a complete discussion of the issue). The government is responsible for the recycling of the expected revenue from road tolls and public transport fares, by controlling the public transport. Inserting (9) into (4) and weighting across the alternatives of the choice set yields the expected total labor supply. The expected government revenue from the labor tax is, therefore:
The total revenue from road taxes is:
The total (equilibrium) revenue from the land markets is:
Public budget is balanced, therefore:
General, stochastic user equilibrium
In equilibrium, labor, housing, land markets at each zone clear, together with the output market. For each of the labor markets, the clearing condition is:
where ( |a) is an indicator function that takes the value one if the employment zone of alternative a is zone (zero otherwise), and is the labor demand from (19). Similarly, for each of the housing markets, the clearing condition is:
where ( |a) is an indicator function that takes the value one if the residential zone of alternative a = �a , � is zone (zero otherwise) and is the housing supply in the same zone. Land markets also clear, therefore from (28):
where the parametric function Φ � has been defined in (26) and � denotes the total surface available for development in zone . Clearing of the intermediate markets implies that:
The aggregate demand for the composite good in the entire region is given by:
In order for the model to close properly, a part of the composite output must be used to import the required capital, and to cover the costs associated with the use of private modes and the public transport system. This implies the closure condition:
where the term on the left hand side is the value of the composite good (with price, , normalized to one) that is not consumed inside the region but bought by a virtual trader that exports it to the rest of the world (ROW). The trader then buys capital and transport services (demanded by individuals, firms and developers in the region) of equal value from ROW and sells them back to the region.
as in (18) . Similarly, for each of the housing markets this implies a zero profit condition as in (26). Because the price of the composite is normalized to one, the corresponding condition for this good is:
where has been defined in (23). Finally, the disaggregate labor supply in (10), housing demand in (8) and consumption (computed from (6)- (9)) are based on a belief over the travel time and cost attached to each alternative a. Because these underlie the aggregate labor supply, housing demand and consumption, in equilibrium the above belief has to be correct. This implies that, for each alternative a, it holds that the commuting time and pecuniary cost used to derive optimal household behavior is equal to the resulting commuting time and cost given by (32) and (35) respectively. This is:
and ̂= .
However, it is easy to see that the above holds if the expected travel times and pecuniary costs of links in the network are equal to the resulting ones. Section 2 describes a system of 35 types of equations in 35 vectors of unknowns. These are equations: (6), (8), (9), (10), (11), (15), (16), (18), (19), (20), (24), (26), (27), (28), (29), (30), (31), (32) 
vector of size equal to ), , , , , ̂ and ̂ (each vector of size equal to the number of feasible routes, i.e. ), and (of size equal to the number of road links in the network, ), (of size equal to the number of public transport, i.e. rail, links, ), , , , ℓ , , , , and (each of size one).
The model uses a network with = 52 road links, = 50 rail links, = 1738 feasible routes, = 18 zones and = + = 1756 alternatives. 17 This implies a non-linear square system of = 21325 equations in 21325 unknowns. 18 Section 3 describes how to solve this system for the general, stochastic user equilibrium with a computationally efficient approach. Figure 1 summarizes the pseudocode behind the solution of the • system described in section 2.5. The algorithm separates the system in several subsystems, the solution of which is allocated to different 17 We consider 12386 non-cyclical routes of which 10648 are excluded: i) due to abnormal travel time/distance compared to the shortest path route or ii) because they violate the rule of a logical mode use. For example, routes that imply car use at two different, non-subsequent trip components: from a to b by car, from b to c by public mode and from c to d by car. 18 That is: (18) and (26), market clearing conditions in (43), (44), (45), (46), and (48), revenue equations (38), (39), (40), (41) and (42), and the stochastic user equilibrium equations (50) and (51). This subsystem is made up by 1 = 6 + 6 + 2 equations.
Solution algorithm and OOP architecture
= (6 • ) + �6 • � + (11 • ) + (2 • ) + + 9 =
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That is, class Alternative receives the necessary information from the subvector ℘ = ( , , , a , a , ) and uses its method A1 to compute (6), (8), (9), (10) and (11), and update its values a * , a * , a * , a * and a * to the optimal levels. Method A1 is called more often than any other (see below), with frequency increasing as the size of the choice set, , becomes larger. It is therefore important to formulate the utility maximization problem in a way that (6), (8), (9) and (10) (43) and (44), and equation (47) Anas and Liu, 2007) have proposed a detachment of the economic part of the equilibrium from the stochastic user part. This detachment is possible under certain mathematical manipulations of the model presented here. See Anas and Tikoudis (2015) for a detailed discussion over the compatibility and the relative computational efficiency of the two types of models. 20 To be consistent with the Walras' law, one equation, together with an endogenous price has to be excluded from the system. Here we chose arbitrarily to exclude the zero profit condition of the assembly industry in (49) and to normalize the price of the composite, by setting = 1. Therefore, Method 2c excludes this equation, which is used upon convergence to check if the equilibrium is correct.
I1 that can access in order to use it as an input (see above). Call of A1 implies a subsequent call of W2 because systematic utilities (i.e. the input of W2) are altered by A1. In contrast, changes in produced quantities , or imply that A1 and W2 are skipped because household behavior remains intact in the current iteration.
Fig. 1. Schematic depiction of the object-oriented solution algorithm.
Because W1 encapsulates all the optimal economic behavior of the agents that class World contemplates, equilibrium is reached when the norm of the subsystem returned by this method is sufficiently close to zero. Method W4 performs the numerical tâtonnement process that computes the equilibrium. This is a variant of the Newton method with a line search. At each iteration , W4 calls W1 multiple times. Initially, this is to compute the distance of ℘ from the equilibrium, i.e. the vector (℘ ). Then, 1 times to numerically approximate the Jacobian matrix at ℘ , (℘ ), using finite differences. At each of these calls, , W1 returns the vector (℘ ), where ℘ differs from ℘ in its -th element by Δ . The -th column of is therefore the vector ( (℘ ) − (℘ ))/Δ . When the direction vector, −1 , is computed, W4 uses a line search method which calls W1 multiple times, in order to evaluate different step sizes, . When the optimal step is found, W4 updates the core vector:
it calls W1 to return (℘ +1 ) and checks if the distance from equilibrium, i.e. ‖ (℘ +1 )‖ has fallen below a prespecified tolerance level. If not, W4 repeats itself. Figure 1 summarizes the architecture of the program.
Application to the area of Randstad: key data and calibration.
The model is calibrated in order for the relative values of the endogenous variables to exhibit the maximum degree of resemblance to those of Randstad (see introduction) in the base equilibrium. In order to ensure that the research question can be addressed without disturbing the computational tractability of the model, a resolution which comprises 18 zones has been chosen. As shown in Figure 2 , each zone represents a group of municipalities, which share either similar commuting patterns or a common strategic position in the road network. 21 The four largest employment and residential centers (Amsterdam & Amstelveen, Utrecht, Rotterdam and the Hague) constitute separate zones. 22 The data used for the calibration of the model regard primarily commuting flows between the 18 zones of the model. The 18×18 origin-destination (hereafter, OD) matrix has been computed using CBS microdata for fully employed workers in year 2012. The variation of labor supply across different OD-pairs is not observed. The calibration is treated as a series of optimization problems, one at each stage. At any arbitrary iteration of stage A, a genetic algorithm draws a population of random preference vectors = ( 0 , 1 , , , ) from a ball � −1 , � = { ∶ ( , −1 ) ≤ } of radius centered at the survivor preference vector from iteration − 1, i.e. −1 . At each draw, the model is solved using the algorithm discussed in section 3. Upon solution, the following information is recorded: i) average expenditure share on consumption, ℎ ( , ), housing, ℎ ( , ), and transport, ℎ ( , ), and ii) average time shares on labor, ℎ ( , ), leisure, ℎ ( , ℓ), and commuting, ℎ ( , ).
The objective functions (to be minimized) are:
and 21 An initial selection excluded municipalities with population below 20000 inhabitants. A first grouping of municipalities into clusters (zones) was made in order to merge neighboring municipalities with populations between 20000 and 180000 inhabitants that share similar labor supply patterns (towards municipalities with a population over 180000 inhabitants). Further refinements rived some of these groupings into smaller parts, to account for the fact that some municipalities had access to more than one major highway link and would therefore hold larger monopoly power (ceteris paribus) had they been granted fiscal autonomy to perform road pricing on their own. 22 The included zones are: 1) Amsterdam and Amstelveen, 2) municipalities between Amsterdam and Utrecht across highway A2, 3) eastern suburbs of Amsterdam along highway A1, including Diemen, Muiden, Weesp and Naarden, 4) cluster of municipalities from Bussum, all the way on A1 to the crossing with A27, and across A27 all the way to Utrecht, 5) The cluster of Amersfoort, Soest and Zeist, municipalities located across A1 and A28 to the northeast of Utrecht, 6) Utrecht, 7) west suburbs of Utrecht (Montfoord, Woerden) across A12, 8) South suburbs of Utrecht (IJsselstein, Houten, Nieuwegein, Vianen) across A2 and A27, 9) Almere and Lelystad on A6, 10) northeast suburbs of Rotterdam, built around A12 and A20, 11) Rotterdam, 12) southeast suburbs of Rotterdam around A15, 13) municipalities located between Rotterdam and the Hague (e.g. Delft, Zoetermeer), 14) the Hague, 15) municipalities located north of the Hague, around Leiden, which are accessed through A4 and A44, 16) municipalities located southwest of Amsterdam (Haarlem, Haarlemermeer), with the area including Schiphol airport, 17) cluster of municipalities located across A9 from Haarlem up to Alkmaar, and 18) northwest suburbs of Amsterdam (Zaanstad, Purmerend) accessed through parts of A10, A8 and A7.
The benchmark consumption share (0.65) and housing expenditure share (0.30), which imply a transport expenditure share of 0.05, have been chosen to be in rough accordance with the expenditure profile of the average household in Western Europe. Similarly, assuming a day of 13½ hours (excluding the essential time needed for physical rest and necessary activities of the household from the full 24-hour day), the benchmark labor time share (0.60) corresponds to a working day of approximately eight hours; therefore, the one-way benchmark commuting time (0.10) corresponds to approximately 40 minutes. The rest of the time endowment, i.e. approximately four hours, is spent on leisure activities.
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The vector that survives the iteration is the one with the lowest objective values 0 � � and 1 � �. As these objective values get closer to zero the radius that defines the search area around the survivor vector −1 becomes smaller. The algorithm terminates when there the Pareto frontier is reached, i.e. no superior vector is drawn for a large number of trials. On stage B, the same algorithm draws vectors of = ( , , 1 ) i.e. of the parameters that are mainly responsible for the level of traffic and the average equilibrium speed. The objective function here is:
where ( ) is the average (across links) equilibrium-to-free-flow travel time ratio. 24 Assuming a free flow speed of 120 km per hour, the benchmark value (2.3) implies an average equilibrium speed of 52 kilometers per hour. This speed is roughly consistent with the average commuting speed reported for large US cities in the national household travel survey (Federal Highway Administration, 2004) , and plausible if someone takes into account bottlenecks, traffic lights, parking search time and other events not modeled explicitly in this application. 25 For the public transport mode, we assume a constant speed of 60 km per hour, i.e. half of the average private mode speed. On stage C, we calibrate the employment and population shares of each zone to fit those observed in data, by adjusting the parameter vector = (z , z , ) while keeping the rest of the parameters fixed. 26 This part of the algorithm is rather heuristic: it increases (decreases) z for residential zones that attract fewer (more) households than those observed in data, and adjusts z in the same manner to bring employment density in alignment with data. However there is an asymmetry between the two adjustments: while increasing the average utility of local amenities, z , attracts more residents and presses housing and land prices upwards, increasing the employment-specific constants, z , increases labor supply and therefore (ceteris paribus) pushes wages in these zones downwards. 27 This downward pressure is partially due to the fact that we have accounted for a unique type of skill in the model. We offset it by simultaneously adjusting the cost share of the local intermediate on the cost of the composite good, i.e. by adjusting ; this ensures that the main labor attractor zones offer a higher wage in equilibrium, as data suggest.
28 Table 1 juxtaposes the employment and residential shares in the benchmark equilibrium against the shares observed in data. The fourth stage of the algorithm adjusts the parameter vector = (z , z , z ), i.e. the modespecific constants and the transit specific constant, in order for the probability of commuting by car to be sufficiently close to 65%. This is in general alignment with the observed rates in the Netherlands. Furthermore, the algorithm renders commutes with modal shift unlikely (below 5%). 29 26 Throughout the entire calibration process, parameter is fixed to 3.0. We have chosen to abstract from agglomeration effects, which are going to be studied thoroughly in a separate contribution. We have therefore fixed total factor productivity, , to 1.0 in each zone. 27 Relative housing prices (base zone 18) are in the range of 0.59 to 1.67. Relative land prices vary between 0.46 and 2.60. Unfortunately, the model produces a poor spatial variation in terms of floor-to-area ratios, which varies in the limited range between 1.16 and 1.95. This is mainly due to the equilibrium elasticity of substitution between residential space and consumption that gives rise to large residential consumption in zones with very low population density. For the rest, we assume a uniform labor income tax rate of 35% which is in accordance with the generic tax rates in Western Europe and North America (25-45%). In equilibrium, the annual pecuniary cost of car use per kilometer is 0.177% of total disposable (after tax) income. Setting this income to the plausible level of €30000, this annual cost turns out to be slightly above €53. The corresponding annual kilometer cost with public transport is approximately €16. 30 The fixed cost of the public transport operator is set to zero in benchmark equilibrium. There are no price subsidies in public or private transport thus pricing is efficient. From (5) it is straightforward that the value of time has an upper bound which is the after-tax wage, (1 − ). The expected value of time is 0.737 of the wage, with a standard deviation of 0.151. These values are in line with those proposed at several previous studies.
Contrary to stylized models, in which the elasticity of labor supply may attain a uniform value (e.g. Parry and Bento, 2001) , or monocentric city models, in which it may vary across residence locations, here we consider an equilibrium elasticity of labor supply (with respect to the labor tax) by origindestination pair. 31 This elasticity is in accordance with values considered in previous studies and it varies considerably in the plausible range between -0.028 and -0.296. Appendix A provides a complete summary of the endogenous, exogenous variables and parameters (including their values) of the model.
Policy analysis
30 Exogenous price of car use per unit of distance is set to 0.05. Dividing by the number of kilometers per unit of distance (i.e. 405.4), and then by 0.0697 (the equilibrium after-tax income) yields an annual kilometer cost equal to 0.00177 of after tax income. 31 This is approximated numerically using finite differences. That is, first compute the labor supply matrix in the benchmark equilibrium, , whose element in the -th row and -collumn is = ∑ { ( , |a) a a * } a∈ . Then let the tax rate increase by Δ . Compute the tax rate change in monetary units for each employment zone: this is = Δ . Solve for the general equilibrium and compute the new labor supply matrix . The approximation for the elasticity of labor supply for the OD-pair a ij is �� − �� ��� �/ �.
We now consider a series of interventions that are highly relevant for policy analysis: the Pigouvian toll, partial taxation of the network, uniformly-priced and differentiated cordon tolls around the three largest employment zones of Randstad (Amsterdam, Rotterdam and the Hague). In section 5.1 we assume that revenue recycling takes its simplest form, i.e. a lump-sum transfer to the representative household. In section 5.2 we search for realistic revenue recycling strategies that may reverse the findings of section 5.1.
Lump-sum revenue recycling
While the Pigouvian toll is the most efficient intervention in a setting where road traffic externalities pose the only failure in the economy, a series of contributions have shown that large welfare losses may occur from a such policy in the presence of a pre-existing distortionary tax that remains intact (Parry and Bento 2001; Tikoudis et al., 2015a) .
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Since road congestion is generated by identical vehicles, the marginal external congestion cost (mecc) of an additional unit of traffic is independent of both the origin and destination of the vehicle that enters the link, as well as of the characteristics of its driver. To compute this cost, we need to decompose the traffic demand of the link by user type, i.e. by alternative a = �a , �. This is because every additional trip that uses link ( ) delays all drivers in the same link by ℓ 1 , as (29) suggests. 33 However, this delay is valued differently by each user type, as the value of time varies not only across OD-pairs, but also across routes. 34 Therefore, to compute the link-specific marginal external congestion cost, , we have to: go through each alternative a = �a , � in the choice set , check if the associated route implies the use of ( ) (using again the indicator function � ( ) | � as in (31)) and, if yes, compute how many users of this type are using the link (i.e. a a * ); then, this demand has to be multiplied with their value of time ( a ). Summing across all alternatives yields the aggregate value of time in ( ) . Multiplying this with the delay per user, ℓ 1 , yields:
Using the above formula, we calculate the quasi first-best Pigouvian toll scheme and apply it in our model. The scheme causes considerable welfare losses that account for approximately 1.83% of the aftertax, disposable labor income, although it is efficient from an environmental point of view (i.e. in terms of reducing traffic). 35 On the other hand, the same toll rule applied in a setting where the labor tax is set at 0% has been confirmed to be first-best and welfare increasing.
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This finding corroborates earlier computations of the welfare effects from Pigouvian pricing under pre-existing distortionary labor taxation in the setting of Parry and Bento (2001) . In this contribution, the environmental, or Pigouvian effect (i.e. the first dividend) from a road pricing policy, despite positive in itself, falls short of the negative tax interaction effect at the margin of the no-toll equilibrium.
37 As a result, the optimal congestion taxes are not only below their Pigouvian levels (as expressed in (56)); they are essentially negative. However, Tikoudis et al. (2015a) illustrate a case in which partial network taxation that takes the form of a cordon toll in a monocentric serial network may not only be less harmful than the quasi firstbest Pigouvian toll, but it can also reverse the sign of the welfare effect, even in the case in which a preexisting labor tax exceeds 40%. The key driver behind this result was that the cordon toll can be imposed in a certain distance from CBD, affecting only the subgroup of the population that provides labor relatively inelastically, provided that the elasticity of labor supply falls with distance from the CBD.
To test if the above result still holds in our polycentric setting, we perform additional computations regarding systems of uniformly-and differentially-priced cordon tolls around zones 1, 11 and 14 (i.e. Amsterdam-Amstelveen, Rotterdam and the Hague respectively). For the uniformly-priced cordon toll system, it holds that:
For the differentially-priced cordon toll system, the toll is:
In the benchmark equilibrium considered (where = 0.40) the above measures prove to be less harmful than the Pigouvian toll. This is because a large part of the network (i.e. the majority of road links) is left untaxed. These untaxed links generally decrease the size of the environmental/transport benefits that can be realized with a given pricing scheme, but this decrease is small relative to the labor market effect. That is, setting the road tax to zero in a large part of the network reduces significantly the private cost of labor supply (and therefore the marginal excess burden of the labor tax), especially for alternatives that involve long commutes. But despite cordon toll systems provide an improvement vis-à-vis the Pigouvian toll, they still generate welfare losses. Therefore, the finding by Tikoudis et al. (2015a) is probably network specific, as it fails to be confirmed in a less stylized, mixed network. Consequently, optimal cordon charges in the level of the labor tax considered are negative. The threshold labor tax values at which the three pricing schemes (quasi first-best Pigouvian, uniform cordon system, differentiated cordon system) generate positive welfare effects are 18%, 24% and 25.5% respectively. 35 Considering an average, annual after tax income of € 30000, this welfare loss is € 549 per capita. 36 Setting the labor tax at 0% leaves the road traffic externalities as the only remaining source of inefficiency in the model. The researcher can use the Pigouvian equilibrium as a starting point to check whether deviations from the toll rule in (56) can increase utility. Such an increase is a sign of model misspecification. 37 The environmental or Pigouvian effect is the welfare gain from a marginal adjustment of the externality tax. When the latter is set at its Pigouvian level, the above effect is zero. The tax interaction effect is the welfare loss from the erosion of the base that corresponds to a distortionary tax, caused by a marginal increase of the environmental tax.
In a setting where traffic externalities would be the only failure, i.e. when is set to zero, the above schemes would be second-best to Pigouvian pricing. 38 Since (in this case) tax interaction effects are absent, the latter produces significant welfare gains, accounting for approximately 0.33% of the after-tax labor income. 39 Because a large portion of the total external costs is generated on the links ending on the above three large employment centers, the relative efficiency of the above second-best measures is high: they are found to capture 48.2% and 48.8% of the Pigouvian gains respectively. This result is roughly in accordance with Mun et al. (2005) .
Intelligent revenue recycling (Labor tax cuts)
The general failure of pricing policies with lump-sum revenue recycling leads naturally to the investigation of policies that return the road tax revenue in the form a labor tax cut. 40 Because the labor tax is distortionary to begin with, this cut generates a positive welfare effect that is widely known in the theory of double dividend as the revenue-recycling effect. When the latter effect is strong enough to offset the tax interaction effect, the second dividend emerges. The welfare gains, as well as the link charges of the optimal road tax scheme are of special interest to the policy maker, because they provide the theoretical benchmark against which other secondbest interventions (e.g. cordon tolls, fuel taxes and area fees) can be compared. In the context of this paper, the above policy leaves the charge in each road link free to acquire any value, even a negative one. 41 Computing the optimal tax scheme, we find that link charges exhibit a large variation around their Pigouvian levels. 42 This deviation (roughly) ranges from -400% to +50%, with 27 of the 52 links considered in the study receiving subsidies (negative charges). 43 The second dividend emerges in six links; the remaining links receive a positive charge below the marginal external cost of congestion (Table  B1 in Appendix B provides the values for each link). The size of these deviations underlies a surprising finding, namely that the quasi first-best Pigouvian pricing scheme is welfare decreasing even in the case in which road tax revenue finances labor tax cuts. The result may at first appear counter-intuitive, since a set of Pigouvian tolls replaces part of a distortionary tax in the form of a revenue-neutral tax swap. However, nothing prevents the tax interaction 38 Here, we keep all parameters to their calibrated values and set equal to zero. 39 Despite being in the range proposed by prior literature (e.g. Anas and Hiramatsu, 2013) , the reader may find this value relatively low. A key contributing factor to this result is that the model bounds the value of time to a ceiling that equals the nominal wage associated with each alternative. 40 To compute the equilibrium for a policy with the labor tax cut, one has to fix to the value it obtains in the benchmark equilibrium, and replace with in the vector of endogenous variables, ℘ = ( , , , , , , , , , ℓ , , , , ), as defined in section 3. 41 This necessitates the exclusion of cyclical paths, which has been discussed in section 2.1. 42 The optimal tax has been computed using variants of Newton-Raphson (NR) and BFGS methods with line search. The NR algorithms we used proceed with sequential updates of the road tax, in each iteration for a set of links that share the same start node s or the same end node e. The gradient vector and the Hessian matrix are computed exclusively for this set of links using finite differences. The BFGS algorithms we used produce updates for the entire network at each iteration, using approximations of the Hessian matrix. In both cases, a line search method is employed to maximize the value of the objective function across the proposed direction. To test for local extrema points we repeat the computations with different starting values.effect in many of the network links from being strong enough to offset the sum of the environmental (Pigouvian) and revenue recycling effects at the margin of the no-toll equilibrium. Since the optimal road tax scheme lies far away from the quasi first-best Pigouvian, the latter may, as it turns out to be the case here, be welfare decreasing. 44 Apart from the above schemes, we compute the optimal charges and welfare levels for: i) a uniformly-priced and ii) a differentially-priced cordon toll system around zones 1, 11, 14 (i.e. around Amsterdam, Rotterdam and the Hague). Because these schemes leave a large set of links untaxed, especially most of those receiving a negative charge in the optimal scheme, they generate considerable welfare gains: their efficiency relative to the optimal tax scheme is 28.5% and 32% respectively. In the case of the differentiated cordon toll, the road tax revenue can finance a labor tax cut of approximately 0.55%. The results suggest that the entire tax reform might be feasible from a political point of view as well, since the above tax cut can take the form of a regional labor subsidy, and the optimal cordon toll prices (which vary between 1.15% and 1.50% of the average wage) are found in the range of urban tolls already imposed with considerable levels of public acceptability elsewhere in Europe (e.g. Oslo and Stockholm).
Concluding remarks
This study presented an application of a polycentric general equilibrium model of transport and land-use designed to capture the exact interaction between the set of the externality-correcting road taxes in a network and the spatially uniform, distortionary labor tax. Because the latter underlies labor supply, it indirectly affects the level of traffic during commuting hours. Earlier contributions provided strong insights, but were referring to more abstract, spaceless or monocentric settings.
In this paper we derived new insights by incorporating the two core mechanisms that generate the double dividend (i.e. the tax interactions and revenue-recycling effects) in a spatial setting with multiple externalities (i.e. a road network where each link is modeled as a different congestible facility), some of which may be left untaxed (partial taxation). Among others, this setting facilitates the identification of circumstances, under which partial taxation of these externalities may be Pareto preferred vis-à-vis the textbook quasi first-best Pigouvian toll (marginal external cost pricing) not only with revenue returned lump-sum, but also in the form of a distortionary tax cut.
The model has a clear geographical reference, i.e. the polycentric urban conglomeration in the area of Randstad, which comprises the country's four largest cities (Amsterdam, Rotterdam, the Hague and Utrecht). In line with more stylized models, the introduction of a quasi first-best Pigouvian toll in the base calibration is shown to generate considerable welfare losses. Partial taxation that involves a system of cordon tolls around the largest employment zones of the conglomeration is found to mitigate these losses. Surprisingly, marginal external cost pricing is found to be welfare decreasing even with revenue used to finance a labor tax cut. The computation of the optimal tax scheme reveals that this is, among others, due to the large deviation of optimal link charges from their Pigouvian levels; in a significant part of the network links are charged negatively. With labor tax cuts, a system of differentially-priced cordons around Amsterdam, Rotterdam and the Hague leaves most of these links unpriced and is found to capture approximately 27% of the gains generated by the optimal tax scheme. The optimal charges and the labor tax reduction indicate that the entire reform may be politically feasible. That is, charges vary between 1.15% and 1.50% of the average wage and the resulting labor tax cut (which can be implemented as a regional labor subsidy) is approximately 0.55%. cost of car use inputs (gasoline, vehicle depreciation, etc.) Notes: the subscript denotes that the variable is conditional on the choice of a given alternative. Because every route corresponds to a unique alternative a, subscripts that refer to a specific route can be replaced by a (e.g.
a =
). Notes: Values have been computed using a BFGS algorithm. Different starting values generated by the no-toll and the Pigouvian quasi first-best equilibrium were used, providing a convergence to (roughly) the same optimum.
Notes: Capital shares are assumed to be constant across zones for both firms ( = 0.3) and developers ( = 0.3). Volume delay function parameters are constant across all (road and rail) links; this is a weak assumption because all links represent large parts of a highway system which, at this level of aggregation, is relatively homogenous. Total factor productivity is uniform over space: differences in factor employment (including job concentration) and output level are generated through non-uniform cost shares ( ) of the assembly industry. This prevents wages from displaying a spatial variation that would be incompatible with data. . 208 .222 .068 .223 .158 .095 .127 .140 .363 .126 .206 .233 .378 .082 .204 .236 .208 .187 Notes: Surface endowments are in accordance with the municipal aggregations displayed in Figure 2 . Table D1 presents the sum of , and computed for each link in the base, no-toll equilibrium. In general, the sign of the total effect is in accordance with the sign and the magnitude of the optimal toll (toll characterization), although the alignment is imperfect (the sign is opposite in a few cases). The imperfection can be attributed to three non-mutually-exclusive factors: i) local (instead of global) optimum reached by the optimization algorithm (in this case most probably the global optimum lies in the close neighborhood of the local optimum, since the difference in this case is hard to detect using heuristic tests with different starting values), ii) the above approximation is incomplete, in the sense that residual effects are missing or analytic formulas differ from the above, and iii) numerical errors in the above approximations. 
